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Nuclear receptors (NRs) are a large class of ligand-regulated transcriptional modulators that have been shown to play roles
in many developmental processes. The Caenorhabditis elegans genome is predicted to encode a large and divergent family
f NR proteins. The functions of most of these genes are unknown. As a first step toward defining their roles, we have
nitiated an expression and functional survey of a subset of these genes. In this study, we demonstrate expression of 21 of
8 NR genes examined, indicating that a large fraction of the predicted genes likely encode functional gene products. We
how that five genes are expressed predominantly in neuronal cells, while others are expressed in multiple cell types.
nterestingly, we find that eight genes are expressed exclusively in the lateral hypodermal (seam) cells. These eight genes
hare a high degree of overall homology and cluster in a neighbor-joining tree derived from sequence analysis of the NRs,
uggesting that they arose by gene duplication from a common ancestor. We show that overexpression of each of three
embers of this subfamily results in similar developmental defects, consistent with a redundant role for these genes in the
unction of the lateral hypodermal cells. © 1999 Academic Press
Key Words: nuclear receptors; C. elegans; expression pattern; overexpression; hypodermal seam cells.
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Nuclear receptors (NRs) are a large superfamily of tran-
scriptional regulators. These proteins have been implicated
in diverse processes including embryonic pattern forma-
tion, development and differentiation of multiple tissue
types, sex determination, and insect metamorphosis (Pig-
noni et al., 1990; Weigel et al., 1990; Loftus and Lane, 1997;
hummel, 1997; Zetterstrom et al., 1997; Carmi et al.,
998; Fajas et al., 1998; Parker, 1998). A subset of these
roteins is regulated by small-molecule ligands, while no
igands have been identified for the so-called “orphan”
eceptors (Blumberg and Evans, 1998; Kliewer et al., 1999).
uclear receptors can be identified on the basis of their
ell-conserved DNA binding domain (DBD), consisting of
wo zinc-binding modules. Based on sequence analysis,
1 These authors contributed equally to this work.
1
e
2 To whom correspondence should be addressed. Fax: (781) 736-
107. E-mail: piali@volen.ccs.brandeis.edu.
314Rs have previously been categorized into six major classes
Laudet, 1997). Genes belonging to five of these classes are
ound in both vertebrates and invertebrates, while the
teroid hormone receptors appear to be vertebrate-specific.
owever, a recent survey of the completed genome se-
uence of the nematode Caenorhabditis elegans has re-
ealed an unusually large and divergent class of NRs that
ppears to be unique to nematodes (Clarke and Berg, 1998;
luder et al., 1999). To date (May 1999), the total number of
redicted NR genes in C. elegans is 249, of which 235
elong to this divergent class. Based on available genomic
nd EST sequences for other organisms, this appears to be
he largest number of NR genes found in any one species.
ll nematode nuclear receptors belong to the orphan class
f NRs, since regulating ligands have yet to be identified.
Despite the rich history of genetic analysis in C. elegans,
urprisingly little is known about the functions of these
enes. Functions have been defined for seven genes—daf-
2, unc-55, fax-1, sex-1, odr-7, nhr-23, and nhr-2 (Sengupta
t al., 1994; Sluder et al., 1997; Antebi et al., 1998; Carmi et
0012-1606/99 $30.00
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315Expression and Function of NRs in C. elegansal., 1998; Kostrouchova et al., 1998; Zhou and Walthall,
1998; Much et al., 1999). These genes have been shown to
function in multiple processes ranging from sex determina-
tion (sex-1) (Carmi et al., 1998) to axonal pathfinding (fax-1)
(Much et al., 1999). However, with the exception of odr-7
and nhr-2, these genes belong to categories of NRs that are
phylogenetically conserved. odr-7 and nhr-2 belong to the
ivergent class of nematode-specific NRs. odr-7 has been
hown to regulate the sensory functions of the AWA
lfactory neurons, and its expression is spatially and tem-
orally restricted to this chemosensory neuron type (Sen-
upta et al., 1994). nhr-2 is expressed embryonically and
functions in embryonic development (Sluder et al., 1997).
In order to begin to understand the roles of this large class
of divergent NR genes in C. elegans, we initiated a survey of
their expression patterns and functions. An important first
step is to determine the spatial and temporal expression
patterns of these genes, in order to facilitate future identi-
fication and characterization of mutant phenotypes. These
types of expression experiments are also expected to allow
us to estimate more accurately the number of functional
NR genes in the genome as opposed to pseudogenes. Previ-
ous analyses based on functional data, limited expression
surveys, and presence of ESTs indicated that at least 25% of
the NRs represent functional genes as defined by mRNA
expression (Sluder et al., 1999). However, this is almost
certainly an underestimate, since genes expressed in a
temporally or spatially restricted manner (such as odr-7) are
unlikely to be represented in cDNA libraries. A more
comprehensive survey of expression and function is essen-
tial to accurately determine the total number of expressed
NR genes.
Sequence analysis indicates that many of the divergent
NR genes in nematodes have arisen from extensive gene
duplication and diversification events (Sluder et al., 1999).
It would be informative to determine if NR genes that share
extensive sequence homology and that have most likely
arisen from recent gene duplication events, retain similar
expression patterns and functions. This type of analysis
could allow us to estimate the range and number of unique
functions represented by the large family of divergent NRs.
In this report, we describe the spatial and temporal
expression patterns of 21 predicted NR genes by examining
transgenic animals bearing fusions of these genes to the
reporter green fluorescent protein (GFP) (Chalfie et al.,
1994). We show that while expression of a subset of these
genes is restricted to specific cells, several are expressed
more broadly in several cell types. Of 28 genes examined, 21
show expression, suggesting that a large fraction of the
predicted genes encode functional gene products. We also
show that all examined members of a highly related sub-
family are expressed in a single cell type, the lateral
hypodermal seam cells. Moreover, we show that overex-
pression of these genes affects development in a similar
manner, suggesting that these genes have not yet diverged
sufficiently to acquire distinct expression patterns and/or
functions. 1
Copyright © 1999 by Academic Press. All rightMATERIALS AND METHODS
Comparative Analysis of NR DBD Sequences
C. elegans genomic sequences in GenBank were searched using
BLAST to identify ODR-7-related NR sequences (Altschul et al.,
1990). Predicted protein sequences and splicing patterns were
checked against revised predictions based on analyses of ESTs and
cDNAs (where available) and splice site usage (Fields, 1990; Sluder
et al., 1999) (A.S., T.M. and P.S., unpublished). Confirmation of
some splicing patterns will require isolation of corresponding
cDNAs.
Initial analysis of .400 NR DBD sequences, including all known
nematode NR sequences, was performed using the Pileup, Dis-
tances, Growtree, and PAUPsearch programs of the GCG software
package (Devereux et al., 1984), as previously described (Sluder et
al., 1999). On the basis of this analysis, approximately 200 of the
divergent C. elegans NR sequences were assigned to 10 semistable
equence groupings; the remaining divergent NR sequences could
ot be reliably placed. These groupings provided a framework for
he selection of sequences for the analysis presented in Fig. 1A. For
equences not examined in this work, selections were made from
hose placed on shorter branches (and thus assumed to be less
iverged from ancestral sequences) in a neighbor-joining tree of the
400 DBD sequences. The smaller analysis was performed using
oth the GCG package and the CLUSTALW program (Higgins et
al., 1996) for generation of neighbor-joining trees. The topologies of
the resulting trees were very similar. For the CLUSTALW analysis,
reliable alignment of zinc-coordinating residues was obtained
through iterative addition of increasingly divergent sequences to a
core aligned profile. Neighbor-joining tree generation with both
GCG and CLUSTALW utilized the Kimura adjustment for mul-
tiple substitutions in protein sequences (Kimura, 1983). The GCG
PAUPsearch feature was used for maximum parsimony analysis.
The CLUSTALW neighbor-joining tree is presented in Fig. 1A.
Molecular Biology Methods
All general DNA manipulations were carried out as in Sambrook
et al. (1989). Specific details are provided below.
Fusion constructs. Unless described otherwise, predicted pro-
moter and coding sequences were amplified from C. elegans
genomic or cosmid DNA using the Expand High Fidelity PCR
System, essentially as described by the manufacturer (Boehringer
Mannheim, Indianapolis, IN). Primers were designed to contain
restriction sites at their termini and were obtained from Life
Technologies (Gaithersburg, MD). Amplified fragments were first
subcloned into the Topo-TA vector (Invitrogen, Carlsbad, CA) and
subsequently inserted in frame into the C. elegans GFP expression
vector pPD95.77. Amplified sequences were checked for predicted
restriction sites. Junctions of promoter fusions which did not
exhibit GFP expression were confirmed by sequencing. The nhr-20
usion gene was constructed by ligating a 10.4-kb StuI–EcoRV
estriction fragment from the cosmid F43C1 into a SmaI site in the
polylinker of pPD95.77. Primer sequences and details of amplifica-
tion conditions are available upon request.
The expression constructs contained varying lengths of up-
stream sequences and coding regions. For each construct, the
length of the upstream sequences (in kb) is given followed by the
fusion point in the coding sequence in parentheses: nhr-20—9.4
(D161—exon 4), nhr-22(TAG)—1.0 (D575—exon 9), nhr-28—4.1
(G4—exon 1), nhr-38—4.0 (S7—exon 1), nhr-50—3.1 (C20—exon
), nhr-57—1.9 (L42—exon 2), nhr-66—3.0 (P81—exon 2), nhr-72—
s of reproduction in any form reserved.
316 Miyabayashi et al.FIG. 1. Sequence analysis of examined divergent NRs. (A) Neighbor-joining tree of selected divergent NR DBD sequences, generated as
described under Materials and Methods. One thousand bootstrap replicates were performed, and bootstrap values greater than 50% are
indicated by hatch marks on the supported branches: (/) 50–79%; (//) 80–94%; (///) 95–100%. The branch points denoted by dots represent
the roots of semistable groups of divergent nematode NR sequences that are observed in multiple analyses of over 400 NR DBD sequences
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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317Expression and Function of NRs in C. elegans3.0 (S8—exon 1), nhr-73—2.5 (P8—exon 1), nhr-74—3.6 (S16—
xon 2), nhr-75—3.3 (S22—exon 1), nhr-76—3.0 (F26—exon 2),
hr-77—2.9 (L27—exon 2), nhr-78(TAG)—2.1 (Y377—exon 6), nhr-
9—2.77 (L44—exon 2), nhr-80—3.1 (S25—exon 1), nhr-81—3.1
P10—exon 1), nhr-82—3.4 (F24—exon 2), nhr-83—3.1 (I24—exon
), nhr-84—2.9 (T5—exon 1), nhr-84(TAG) 2.9 (C416—exon 7),
nhr-89—1.8 (R9—exon 2), nhr-A—2.8 (I355—exon 6), nhr-B—2.8
(L81—exon 2), nhr-C—3.0 (Q9—exon 1), nhr-D—3.4 (I2—exon 1),
nhr-E—3.2 (H13—exon 1), nhr-F—2.0 (T51—exon 2), nhr-G—3.3
(K6—exon 1). TAG refers to constructs in which GFP coding
sequences were appended in frame to the indicated residue at the
C-terminus of the protein (also see below).
The predicted protein sequences and splicing patterns of nhr-50,
nhr-66, and nhr-16 were found to differ from those predicted by
analysis of cDNA and EST sequences and were therefore modified
(Sluder et al., 1999). The predicted DBDs of nhr-74 and nhr-83 were
lso modified on the basis of consensus splice site usage and
omparison with DBDs of related NRs (A. S., T. M., and P.S.,
npublished observations). However, these genes were fused to
FP at sites 59 to the predicted alterations.
Overexpression constructs. Promoter and coding sequences
ere amplified and subcloned as described above. All overexpres-
ion constructs contain the same length of promoter sequences as
hose used in the promoter fusion constructs. For GFP-tagged
onstructs, coding sequences of GFP were fused in frame after the
ollowing residues in the expression vector pPD95.77: nhr-
2(TAG)—F326 (final residue), nhr-81(TAG)—L322 (final residue),
hr-77(TAG)—F372 (final residue).
Other overexpression constructs were generated as described
elow. nhr-82(PRO1)—This construct was generated as described
bove, with the GFP fusion point after residue M1 of the protein.
hr-82(PRO24)—GFP sequences were fused after residue F24 of the
rotein. nhr-82DLBD—GFP sequences were fused after residue
113, thus eliminating all coding sequences C-terminal to the
redicted DBD. nhr-82DP—Sequences from S39 to F326 (final
esidue) were amplified and fused in frame after F24 in the
onstruct nhr-82(PRO24), resulting in the deletion of 13 amino
cids (from I26 to R38). Deleted sequences comprise the P box and
anking residues. nhr-82(TAG-GFP)—GFP sequences were deleted
y digesting nhr-82(TAG) with AgeI and EcoRI and religating.
hr-82(PRO1), nhr-82(PRO24), and nhr-82(DLBD) fusions are in
he vector pPD95.69, which is essentially identical to pPD95.77
xcept for the insertion of a synthetic SV40 NLS sequence. All
ther fusions are in the pPD95.77 vector.
(Sluder et al., 1999) (A.S., unpublished). For each of these groups, th
branch point. Only 9 of the 10 identified groups are shown. ODR-7
text. NRs indicated with asterisks (*) are expressed exclusively in
placed in the larger analysis and are not counted as members of an
square brackets. nhr-68 corresponds to the predicted open reading
et al. (1999). The C. elegans genome project ORF designations
demonstrated. (B) Conservation of exon/intron positions and length
are shaded. Asterisks mark positions of introns that are not sho
Alignment of the DBD core regions of ODR-7 and 28 predicted N
asterisks. The P box is indicated. The predicted DBD sequences of
Sluder et al., 1999) (A.S., T.M., and P.S., unpublished observations). The
oftware package using a modified Dayhoff scoring matrix (Devereux e
Copyright © 1999 by Academic Press. All rightMicroinjection and Analysis of Transgenic Animals
Strains used in this study were wild-type (C. elegans variety
Bristol, strain N2), MT1652 lin-15 (n765ts) X, and JR672, which
contains an integrated array of a seam cell-specific expression
construct (Terns et al., 1997). Culture and growth of C. elegans
were carried out using standard methods (Brenner, 1974).
Expression constructs were microinjected (at 30 ng/ml) to-
gether with a marker plasmid pJM23 (at 50 ng/ml) which con-
ains the wild-type lin-15 gene into lin-15(n765ts) animals
Huang et al., 1994), and transgenic animals were identified as
escribed previously (Sengupta et al., 1994). At least two inde-
endent transgenic lines were established and examined for each
njected expression construct. Multiple animals from each line
ere examined to identify GFP-expressing cells and tissues.
ells were identified based on their morphology and position. In
he case of neuronal expression, cells were also identified based
n the structures of the cilia (if applicable) and/or axons.
Since lin-15(n765ts) animals appear to segregate a low per-
entage of aberrant progeny infrequently at the nonpermissive
emperature (T.M., M.P., and P.S., unpublished observations),
e chose to analyze the effect of overexpression of NRs in
ild-type (N2) animals. N2 animals were microinjected with
verexpression constructs at 30 ng/ml unless indicated otherwise
(Table 2). As a coinjection marker, we used a construct which
allows expression of GFP in the coelomocytes (P.S., unpub-
lished), injected at 50 ng/ml. Since the coelomocyte marker
expression partially obscures seam cell expression, nhr-82(GFP-
TAG) was also coinjected with str-1::GFP as a coinjection
arker into JR672 in order to observe the number and organi-
ation of seam cells. str-1::GFP is expressed in a pair of amphid
eurons (Troemel et al., 1997). For each construct, multiple
nimals from at least three independent lines were examined.
ince these lines are mosaic for the extrachromosomal arrays of
he microinjected DNAs, we analyzed only animals identified as
ransgenics on the basis of coinjection marker GFP expression.
n the case of constructs fused to GFP, expression of the
onstructs in the seam cells was confirmed. Phenotypes were
xamined under a dissection microscope as well at higher
agnification using Nomarski optics.
When applicable, animals were examined by epifluorescence and
mages were captured using a CCD digital camera (Hamamatsu)
nd a PCI digital frame grabber. Images were pseudocolored and
nalyzed using Openlab (Improvision, Boston, MA) and Adobe
hotoShop software. In some cases, animals were fixed in 2%
araformaldehyde to reduce autofluorescence prior to imaging.
al number of member sequences is indicated at the corresponding
the NRs examined in this work are designated in bold underlined
ral seam cells (see text). Sequences in parentheses are not stably
these groups. The two groups examined in detail are indicated by
e H12C20.3; for other gene assignments see this work and Sluder
used for predicted genes for which no expression has yet been
ons of the shown NRs are aligned. The exons containing the DBD
Numbers refer to the lengths of the respective exons in bp. (C)
roteins. The zinc-binding cysteines in each finger are marked by
74 and nhr-83 have been modified by using alternative splice sitese tot
and
late
y of
fram
are
s. Ex
wn.
R p
nhr-
alignments were generated using the Pileup program of the GCG
t al., 1984; Sluder et al., 1999).
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318 Miyabayashi et al.RESULTS
Divergence and Duplication of NR Genes
in C. elegans
TABLE 1
Summary of Expression Patterns of NR Genes Examined
Gene name
and location Cosmid and predicted ORF
Genes expressed predo
nhr-38 IV K01H12.3 AFD thermosenso
nhr-50 Vb C06C6.5 Neurons in anteri
interneurons; p
nhr-79 V T26H2.9 ADL and ASH sen
nhr-83 V F48G7.3 ASG and BAG sen
additional neur
nhr-84 V T06C12.7 Neurons in anteri
interneurons; p
Genes expressed o
nhr-72 II C17A2.8 Lateral seam cells
nhr-73 I C27C7.4 Lateral seam cells
nhr-74 I C27C7.3 Lateral seam cells
nhr-75 II C49D10.6 Lateral seam cells
nhr-77 I T15D6.6 Lateral seam cells
nhr-81 I C47F8.8 Lateral seam cells
nhr-82 I F41D3.1 Lateral seam cells
nhr-89 I E03H4.13 Lateral seam cells
Genes expressed in neu
nhr-22 IIb K06A1.4 Neurons in head a
syncytium, late
nhr-28 Xb C11G6.4 Pharynx; intestine
nhr-57 Vb T05B4.2 CEP sheath cells;
nhr-66 IVb T09A12.4 Neurons in anteri
nhr-76 IV C05G6.2 Body wall muscle
nhr-80 III H10E21.3 Intestine; head m
Genes expre
nhr-20 III F43C1.4 Ubiquitous
nhr-78 IV F36A4.14 Ubiquitous
No e
nhr-A Ic T09E11.2
nhr-B Ic E03H4.6
nhr-C Vc T01G6.2
nhr-D Vc T19H12.8
nhr-E Vc T01G6.4
nhr-F Ic ZK1025.10
nhr-G IIc T12C9.1
a Robust expression is indicated in bold.
b Represented by ESTs.
c These predicted NRs have not received a gene designation.Over 90% of the predicted NR genes in C. elegans appear
to be unique to nematodes and do not have orthologs in
t
t
Copyright © 1999 by Academic Press. All rightther species (Sluder et al., 1999). Comparative sequence
nalyses of the DBD sequences of these divergent NRs
llows the definition of 10 semistable sequence groupings
Fig. 1A; see Materials and Methods). Approximately 200 of
Expression patterna
ntly in neuronal cells
urons
teral, lumbar ganglia; pharyngeal motorneurons and
x.
neurons
neurons; RIG interneurons; PVC, PVR, PVQ interneurons;
teral, lumbar ganglia; pharyngeal motorneurons and
x; intestine.
n lateral seam cells
l and nonneuronal cells
ail; motor neurons; hypodermal cells including hypodermal
am cells, and minor hypodermal cells in head and tail; intestine.
odermis.
etory gland cell; pharynx; intestine.
teral, retrovesicular ganglia; seam cells.
estine; excretory gland cell; pharynx; seam cells; vulval muscles.
s.
ubiquitously
ssionmina
ry ne
or, la
haryn
sory
sory
ons.
or, la
haryn
nly i
rona
nd t
ral se
; hyp
excr
or, la
s; int
uscle
ssed
xprehe divergent NRs can be assigned to these 10 groups, while
he remaining sequences cannot be reliably placed. We
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319Expression and Function of NRs in C. eleganschose to examine the expression patterns of members of 2
of these 10 groups in detail, one of which includes odr-7
Fig. 1A). We have examined the expression of ;50% of the
equences in each of these two groups. We also examined
he expression of seven other NR genes that represent three
dditional sequence groups, as well as five genes not stably
laced in these groups.
Grouping of eight NR genes (marked by asterisks in Fig.
A) is also supported by maximum parsimony analysis of
he sequences in Fig. 1A. Five of these sequences with the
xception of nhr-72, nhr-75, and nhr-77 remain clustered
ogether in a tree constructed from 4001 known NR
equences from all organisms (Sluder et al., 1999) (A.S.,
npublished). However, nhr-72, nhr-75, and nhr-77 remain
closely related to this cluster in the larger tree. The ligand
binding domains of NR genes are typically less well con-
served than the DBD. However, comparison of the putative
ligand binding domains of these eight NR genes shows a
remarkable degree of sequence conservation (data not
shown). Thus, these genes likely represent a subfamily of
NR genes that have arisen by recent gene duplication
events from a common ancestor. Consistent with this
hypothesis, several of these genes share conserved intron/
exon positions and lengths (Fig. 1B) and exhibit similar
expression patterns (see below). Similar conservation of
sequence and intron/exon position has been demonstrated
for subfamily members of the large chemoreceptor gene
family in C. elegans (Robertson, 1998). It is interesting to
ote that members of this NR subfamily cluster in two
egions on linkage groups I and II (data not shown). These
FIG. 2. Expression of eight NR genes is restricted to the lateral h
6 seam cells in the wild-type hermaphrodite (Sulston and Horvit
epresent cells that fuse with the hypodermal syncytium. Green li
top) and fluorescence (bottom) images of a mid-comma-stage emb
be seen in the 10 lateral hypodermal cells. (C) Top: Cartoon of th
nhr-82::GFP in a mid-L1-stage animal, showing expression in the
divided. Anterior is at left and dorsal is at top in all images. Scaleegions contain additional NR genes and may represent
ocal duplicated clusters.
Copyright © 1999 by Academic Press. All rightThe 28 NR genes examined were initially selected be-
ause they contain sequences in the DBD (P box) closely
elated to that of ODR-7 (Fig. 1C). The P box residues in the
rst zinc finger of NRs are key determinants in DNA
inding specificity and have been shown to make base-
pecific contacts (Danielsen et al., 1989; Mader et al., 1989;
Umesono and Evans, 1989; Luisi et al., 1991; Rastinejad,
1998). To date, seven types of P box sequences have been
found across species, while six others appear to be verte-
brate specific (Kobayashi et al., 1999; Sluder et al., 1999).
Analysis of the P box sequences in the divergent nematode
NRs showed that these proteins have unique P box se-
quences. Sluder et al. have defined at least 69 different
sequences that are represented only among the divergent
NRs in nematodes, including that of ODR-7 (CAACAA)
(Sluder et al., 1999). Seven of the NRs examined in this
study contain P box sequences identical to that of ODR-7,
while others contain closely related sequences (Fig. 1C).
The 28 genes examined represent a total of 11 different P
box sequences (Fig. 1C).
Members of a Tightly Clustered Subfamily Are
Expressed in a Single Tissue Type
Interestingly, all members of the tightly clustered
subfamily of NR genes described above are expressed
exclusively in the lateral hypodermal seam cells (Table 1
and Fig. 2). Seam cells are hypodermal cells that are
arranged along the lateral lines as 10 pairs of bilateral
cells in a newly hatched animal (Sulston and Horvitz,
ermal seam cells. (A) Postembryonic lineage of the V1–V4 and the
77). L1–L4 refer to the larval stages between molts. Closed boxes
epresent cells in which GFP expression is observed. (B) Nomarski
550 cells) expressing an nhr-82::GFP fusion gene. Expression can
lateral seam cells in an L1 stage animal. Bottom: Expression of
V1–T. Arrows point to the V2, V4, and V5 cells which have just
mm.ypod
z, 19
nes r
ryo (;
e 101977). Prior to a molt (except at the L1/L2 molt), most
seam cells divide in a stem cell-like pattern, generating a
s of reproduction in any form reserved.
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321Expression and Function of NRs in C. elegansposterior daughter similar to the mother and an anterior
cell that fuses with the large hypodermal syncytium (Fig.
2A). The stem cell-like daughter continues to divide until
the molt between the fourth larval stage and adults. At
the L4/adult molt, the seam cells differentiate terminally
and give rise to adult cuticular structures called the alae
(Sulston and Horvitz, 1977). The seam cells are also
required for the formation of stage-specific cuticles in
other larval stages. In males, the posterior seam cells give
rise to the sensory rays required for mating, while in both
sexes, one seam cell (V5) also gives rise to a sensory
structure (Sulston and Horvitz, 1977).
Expression of eight NRs (nhr-72, nhr-73, nhr-74, nhr-75,
nhr-77, nhr-81, nhr-82, and nhr-89) is first seen in the lateral
ypodermal cells in embryos at approximately 260 min
ostfertilization, when these cells are born. During subse-
uent cell divisions, expression is lost in the daughter cell
hat differentiates but persists in the daughter that contin-
es to divide. Comparison of the levels of expression of
hese NR genes during larval growth indicates some tem-
oral differences. Expression of nhr-72, nhr-81, and nhr-75
remains at a constant level at all larval stages. However,
expression of nhr-73, nhr-82, and nhr-77 is stronger in
L1/L2 stages and appears to decrease in L3/L4 stages.
Conversely, expression of nhr-74 is somewhat weaker in
L1/L2 stages and increases during later larval stages. In all
cases, expression is greatly reduced or absent in adults after
seam cells undergo cell fusion and cease to divide. Rarely,
we observe expression of these genes in an interneuron in
the head that has been tentatively identified as AIM, based
on cell body position and axonal morphology. Expression in
AIM is unaltered at all postembryonic stages of develop-
ment. The gene products appear to be localized to the
nuclear region of the seam cells as determined by examin-
ing the expression of full-length genes fused to GFP (see
below). Thus, these genes may represent a tissue-specific
subfamily of NR genes.
Seam Cell-Specific NR Genes Are Required for
Proper Development and Growth of C. elegans
Since the seam cell-specific NR genes are highly related
by sequence, and are expressed in the same cell type, it
seems possible that they retain similar functions. The
FIG. 3. Overexpression of seam cell-specific NR genes results
predicted exon/intron structure of nhr-82 is shown on top. The ex
arked by a black line and asterisk. The location of the SV40 NLS
TR sequences from the unc-54 gene. (B) Wild-type L1 larva. (C) T
the head region. (D) Severely affected transgenic larva overexpressin
adult overexpressing nhr-82(TAG). Arrows point to branched alae
of the strain JR672 expressing a seam cell marker gene (lateral vie
divided V5 cells. (I and J) Nomarski and fluorescence images of a JR
ump in body region where additional misaligned cells expressing the sea
oinjection marker (see Materials and Methods). H0 to V6 cells are sho
Copyright © 1999 by Academic Press. All rightethod of double-stranded RNA-mediated interference
RNAi) has been used in C. elegans to interfere with the
unctions of genes (Fire et al., 1998). In this method,
nnealed double-stranded RNA from the target gene is
njected into animals and the injected animal and its
rogeny are examined for defects arising from loss of
unction of the target gene. We carried out RNAi experi-
ents to determine if we could detect any phenotypic
onsequences of interfering with the functions of these
enes. Double-stranded RNA was generated from segments
f genes that shared the least homology with other mem-
ers of this subfamily. However, since these genes share a
igh overall degree of homology, it remains possible that
NAi experiments interfere with the functions of more
han one gene. RNAi was carried out to affect the genes
hr-72, nhr-75, nhr-77, and nhr-82. However, male and
ermaphrodite progeny from the injected animals showed
o defects (data not shown). In addition, progeny of animals
njected with a mix of dsRNA from nhr-75, nhr-72, and
hr-77 also did not exhibit mutant phenotypes. Since in our
ands, RNAi of genes such as unc-22 resulted in the
expected phenotypes (data not shown) (Fire et al., 1998), it is
possible that these NR genes are not amenable to RNAi
analysis. Alternatively, these genes could be partially or
fully redundant with each other for function, and thus,
interference with the functions of one or a few of these
genes would have little or no effect.
Overexpression of genes often results in detectable phe-
notypes due to interference with the activity of related gene
products or due to overexpression or increased activity of
downstream targets (e.g., Brundage et al., 1996; Sze et al.,
1997; Nilsson et al., 1998; Shen et al., 1998; Morita et al.,
1999; Suzuki et al., 1999) (see Discussion). We attempted to
overexpress the genes nhr-82, nhr-77, and nhr-81 by inject-
ing full-length genes under the control of their own promot-
ers (Fig. 3A). This is likely to result in overexpression as has
been observed previously (e.g., see Roayaie et al., 1998).
Genes were fused to GFP to monitor expression. Fusion
genes were injected into wild-type animals together with
marker DNA, and phenotypes of transgenic progeny from
multiple independent lines were examined.
Transgenic progeny of animals injected with a full-length
GFP-tagged nhr-82 construct (nhr-82(TAG)) showed severe
developmental defects (Table 2). During embryonic devel-
velopmental defects. (A) nhr-82 overexpression constructs. The
ontaining the DBD are stippled. The P box in the second exon is
uence in the promoter fusions is shown. All constructs contain 39
genic larva overexpressing nhr-82(TAG). Arrow points to lump in
-82(TAG). (E) Alae of wild-type adult (arrow). (F) Alae of transgenic
tures.(G and H) Nomarski and fluorescence images of an L1 larva
1–T have just divided. The Q neuroblast is visible near the newly
transgenic Lpy L1 larva expressing nhr-82(TAG). Arrow points toin de
ons c
seq
rans
g nhr
struc
w). V
672
m cell marker are observed. Arrowhead points to expression of the
wn. Scale—10 mm.
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322 Miyabayashi et al.opment in C. elegans, cell division and proliferation are
largely completed by approximately 350 min postfertiliza-
tion. This is followed by morphogenesis and cell elonga-
tion. Cell elongation events are mediated by the hypoder-
mal cells (Priess and Hirsh, 1986). We observed that
embryos overexpressing nhr-82 show cell elongation de-
fects. Fifteen to twenty percent of the transgenic embryos
fail to hatch and several hatch slowly. However, morpho-
genesis and cell differentiation appear to proceed normally,
and several tissues and organs are formed (data not shown).
An average of 62% of the transgenic L1 larvae are deformed
(Table 2). Approximately one-third of the affected larvae
show “lumps” in the body or head region (Fig. 3C). How-
ever, these larvae grow normally and develop into adults.
The remaining affected larvae show more severe pheno-
types (Fig. 3D). These larvae are variably Lumpy (Lpy) and
are also Dumpy (Dpy), showing a short and squat body.
While some severely affected larvae develop at the normal
rate, others fail to grow further, and remain arrested, or
grow up to three times as slowly as wild-type animals.
Some adults from both these types of affected larvae are
visibly wild type. Other adults continue to exhibit the
Lpy-Dpy phenotype and often exhibit movement defects
such as rolling or are sluggish. In addition, adults exhibit
defects in the structure of the alae, which are cuticular
TABLE 2
Overexpression of Seam Cell-Specific NRs
Injected constructa
Strain
injected
Total num
of indepen
lines for e
injected con
Marker alone N2 3
nhr-82(PRO1) N2 3
nhr-82(PRO1) (at 100 ng/ml) N2 3
nhr-82(PRO24) N2 4
nhr-82(PRO24) (at 100 ng/ml) N2 3
nhr-82(TAG) N2 3
nhr-82(TAG) (at 10 ng/ml) N2 4
nhr-82(TAG) (at 100 ng/ml) N2 3
nhr-82(TAG-GFP) N2 3
nhr-82(TAG-GFP) JR672 3
nhr-82DLBD N2 4
nhr-82DLBD JR672 4
nhr-82DP N2 3
nhr-81(TAG) N2 4
nhr-77(TAG) N2 4
nhr-22(TAG) N2 6
a Unless stated otherwise, all constructs were injected at 30 ng/
b 50–100 transgenic animals from each independent line were ex
njected DNA, and variability in the number of copies of DNA in
c This category includes all affected larvae.structures produced by the lateral seam cells. As shown in
Fig. 3F, alae are often branched. To show that these pheno-
a
t
Copyright © 1999 by Academic Press. All rightypes do not result from the GFP sequences appended to the
hr-82 gene, we injected constructs lacking the GFP tag
nhr-82(TAG-GFP)). As seen in Table 2, absence of the GFP
equences did not have a significant effect on the frequency
nd severity of transgenic animals observed.
To confirm that these phenotypes correlated with over-
xpression of the fusion construct, we also injected the
onstruct at lower (10 ng/ml) and higher (100 ng/ml) concen-
rations. At the lower concentrations of injected DNA, we
bserved a lower frequency (average of 35%) of similarly
ffected L1 transgenic larvae (Table 2). At higher concen-
rations, overall the severity and frequency of defects were
ncreased, and on average 75% of the transgenic larvae were
ffected. In fact, these lines were difficult to maintain since
ost transgenic animals tended to arrest developmentally
r grew slowly.
It is feasible that these phenotypes result from promoter
itration effects. In this case, transcription factors required
n common for the expression of multiple NR genes in the
eam cells could be sequestered to the promoter of the
verexpressed NR gene construct and be unavailable for the
egulation of other NR genes. To address this possibility,
e injected fusion constructs in which the promoter and
he initiator methionine or the first 24 N-terminal amino
cids of NHR-82 are fused in frame to GFP (nhr-82(PRO1)
t
Total number
of transgenic
animals examinedb
Percentage of transgenic
animals exhibiting a “Lpy-
Dpy” phenotypec
Per line Mean
150 0, 4, 0 1
147 2, 0, 4 2
150 6, 0, 0 2
250 0 0
150 0, 2, 0 1
178 50, 50, 86 62
200 74, 14, 32, 20 35
150 94, 90, 40 75
150 54, 20, 26 33
200 8, 36, 32 25
200 28, 30, 42, 48 37
200 26, 22, 22, 42 28
150 0, 6, 10 5
250 16, 14, 18, 20 17
200 76, 58, 98, 32 66
350 2, 2, 0, 2, 0, 0 1
ed. There is variability from line to line due to mosaicism of the
xtrachromosomal arrays (Mello and Fire, 1995).ber
dent
ach
struc
ml.
aminnd nhr-82(PRO24)—Fig. 3A). These constructs also con-
ain the SV40 NLS sequence to ensure that the gene
s of reproduction in any form reserved.
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323Expression and Function of NRs in C. elegansproducts are targeted to the nucleus, similar to the full-
length gene product. In both cases, we observed few affected
progeny, suggesting that the phenotype results from over-
FIG. 4. Expression of NRs in multiple cell types. (A) nhr-66::GFP.
neurons. (B) nhr-22(TAG)::GFP. Arrowhead points to expression in
additional cells is not visible in this plane of focus (see Table 1). (C
expression. nhr-76 is also expressed in other tissues (Table 1). (D) n
CEP sheath cells. nhr-57 is expressed in additional cell types (T
arrowhead points to expression in head muscles. (F) nhr-28::GFP. E
(G) nhr-78-GFP(TAG). Image shows ubiquitous expression of GFP-
biquitous expression of GFP. Anterior is at left in all images. Seeexpression of the nhr-82 protein product. To define the
omains of NHR-82 that are required for the phenotype, we
p
n
Copyright © 1999 by Academic Press. All rightnjected constructs lacking the putative ligand binding
omain (nhr-82(DLBD)) and a construct in which the P box
as been deleted (nhr-82(DP)—Fig. 3A and Table 2). Ap-
points to a lateral seam cell; arrowhead marks expression in head
d neurons; arrow points to expression in gut nuclei. Expression in
-76::GFP. Arrow points to a body wall muscle in an adult showing
::GFP. Arrow points to expression in cells tentatively identified as
1). (E) nhr-80::GFP. Arrow points to expression in the intestine;
sion is observed in the pharynx (arrowhead) and in the gut (arrow).
d nhr-78 in the head region. (H) nhr-20::GFP. An L1 larva showing
for additional details. Scale—10 mm.Arrow
hea
) nhr
hr-57
able
xpres
taggeroximately 37% of the transgenic animals expressing the
hr-82(DLBD) construct showed a similar “Lpy-Dpy” phe-
s of reproduction in any form reserved.
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324 Miyabayashi et al.notype. However, only 5% of the transgenics expressing the
P-box-deleted construct were affected, indicating that an
intact DBD is important for the phenotype.
In order to determine whether overexpression of other
seam cell-specific NR genes would result in similar or
related phenotypes, we generated transgenic animals over-
expressing GFP-tagged full-length nhr-77 and nhr-81 (nhr-
77(TAG) and nhr-81(TAG)). In both cases, we observed
affected transgenic larvae (Table 2). The phenotypes of
these affected animals are similar to that of animals over-
expressing nhr-82. Other genes such as nhr-22 and nhr-66
re also expressed in seam cells, in addition to other cell
ypes (see below and Table 1). To determine if overexpres-
FIG. 5. A subset of NRs is expressed predominantly in neuronal
(B) nhr-79::GFP. Arrows point to cell bodies of the ADL neurons
is seen in ASG (arrows) and BAG (arrowhead). (D) nhr-50::GFP. Ex
and in pharyngeal neurons (arrowheads). (E) nhr-84::GFP. Expre
(arrow). nhr-50, nhr-83, and nhr-84 are expressed in additional n
all images. Scale—10 mm.ion of these genes could also result in similar phenotypes,
e overexpressed a full-length GFP-tagged nhr-22 construct
Copyright © 1999 by Academic Press. All rightnhr-22(TAG)). We also overexpressed a fusion gene be-
ween nhr-22 and the strong VP16 transactivation domain
(Triezenberg et al., 1988) (data not shown). However, in
both cases, transgenic animals were unaffected, indicating
that the observed phenotype results from overexpression of
members of the seam cell-specific subfamily.
Overexpression of the NR genes could affect the fate or
function of the lateral seam cells. Although constructs used
in the above experiments were tagged with GFP to monitor
expression, it was difficult to determine if the number
and/or organization of seam cells was affected since the
transgenic animals are mosaic for the injected constructs.
We therefore injected full-length nhr-82 (nhr-82(TAG-GFP))
s. (A) nhr-38::GFP. Arrow points to cell body of the AFD neuron.
H is not visible in this focal plane. (C) nhr-83::GFP. Expression
ion is seen in neurons in the anterior and lateral ganglia (arrows)
is seen in multiple neurons in the anterior and lateral ganglia
nal cells. See text and Table 1 for details. Anterior is at left incell
. AS
press
ssioninto the strain JR672, which contains an integrated trans-
gene marker that is expressed specifically in the seam cells
s of reproduction in any form reserved.
325Expression and Function of NRs in C. elegans(Terns et al., 1997) (Figs. 3G and 3H). In the overexpressing
strains, we find that expression of the seam cell-specific
marker is unaltered in all affected larvae, indicating that
overexpression of nhr-82 does not grossly affect the fate of
the seam cells. The number and organization of the seam
cells could not be clearly determined in severely affected
larvae due to their general morphological disarray. How-
ever, in other Lpy larvae which are less severely affected, we
find that the total number of seam cells is often altered, and
the seam cells are disorganized. The 10 pairs of seam cells
are normally organized in two lateral rows on either side of
the animal, each in a distinct plane. Approximately 10% of
the uninjected JR672 L1 larvae showed an altered number of
seam cells (n 5 40; range 19–21). The seam cells of less than
10% of the larvae are misaligned. However, 62% of the
transgenic Lpy larvae from the nhr-82(GFP-TAG)-injected
JR672 animals showed an altered number of seam cells,
with over 52% showing extra seam cells (n 5 88; range
17–25; three independent lines). The seam cells of over 87%
of the transgenic Lpy larvae are misaligned (Figs. 3I and 3J).
The presence of additional seam cells appears to correlate
with the location of lumps in the body or head region.
Taken together with the observation that these NRs are
expressed after the seam cells are generated, we propose
that these genes play a role in the proper differentiation of
the seam cells.
Several NR Genes Are Expressed in Multiple
Cell Types
Additional NR genes examined are expressed in a variety
of different cell and tissue types (Fig. 4; see Table 1 for
details). nhr-66 and nhr-22 are expressed in both neuronal
and nonneuronal cell types, including the lateral seam cells
(Figs. 4A and 4B). However, unlike the seam cell-specific
subfamily, expression of nhr-66 persists in adults after
fusion of the seam cells at the molt between the fourth
larval stage and adult. Four other NR genes are expressed
exclusively in nonneuronal cell types, including the intes-
tine, pharynx, muscles, and hypodermis (Figs. 4C–4F; Table
1). It is possible that expression in the pharynx and intestine
does not reflect the endogenous expression pattern. Ectopic
expression in the pharynx and intestine has been observed
with short fusion constructs lacking endogenous control
sequences (Krause et al., 1994; Kostrouchova et al., 1998).
Although all fusion constructs used in this study contain at
least 1.8 kb of upstream sequences (with the exception of
nhr-22; see Materials and Methods), generation of specific
antibodies will be necessary to resolve this issue.
We find that two NRs, nhr-78 and nhr-20, are ubiqui-
tously expressed at all stages of development (Figs. 4G and
4H). The expression of nhr-78 is stronger in embryos
although expression is visible in adults, while the expres-
sion of nhr-20 does not change appreciably during develop-
ment. In all cases, no changes in gene expression were
observed in dauer larvae, which represent an alternate third
Copyright © 1999 by Academic Press. All rightlarval stage of development (Riddle and Albert, 1997) (data
not shown).
We attempted to define functions for these NRs by using
RNAi. However, RNAi of nhr-20, nhr-22, nhr-28, nhr-66,
nhr-76, nhr-78, and nhr-80 failed to reveal any obvious
mutant phenotypes (data not shown).
A Subset of the Divergent NRs Is Predominantly
Expressed in Neurons
We find that five NR genes (nhr-38, nhr-79, nhr-83, nhr-50,
and nhr-84) are expressed predominantly or exclusively in
different subsets of neurons (Fig. 5; see Table 1 for details).
Unlike the seam cell subfamily, however, these genes are not
clustered phylogenetically and are placed in different groups
(Fig. 1A). nhr-38, nhr-79, and nhr-83 are expressed in restricted
subsets of neurons (Figs. 5A–5C), while nhr-50 and nhr-84 are
expressed in many different neuron types (Figs. 5D and 5E and
Table 1). nhr-38 shows the most restricted expression pattern
and is expressed only in the thermosensory AFD neurons
(Mori and Ohshima, 1995) at all stages of postembryonic
development (Fig. 5A). nhr-79 also exhibits a restricted neuro-
nal expression pattern and is expressed primarily in the ADL
and ASH sensory neurons. Expression is stronger and more
consistent in the ADL neurons (Fig. 5B). These two neuron
types mediate avoidance behaviors to noxious stimuli (Hart et
al., 1995, 1999; Maricq et al., 1995; Troemel et al., 1997).
Expression in these neurons is stronger in larval stages than in
adults. Expression of nhr-83 is highly mosaic in younger
animals and is visible in several neuron types. Expression in
adults appears to be restricted to fewer neurons, including the
sensory neurons ASG and BAG, the ring interneurons RIG,
and interneurons in the lumbar ganglia PVC, PVR, and PVQ
(Fig. 5C). None of these NRs showed gross alterations in their
expression patterns in dauer animals. These NRs may play a
role in the development of these neuronal subtypes (similar to
odr-7) or, alternatively, may play a direct role in sensing the
external or internal environment (see Discussion).
Subcellular Localization of NRs
The glucocorticoid receptor is found primarily in the
cytoplasm in its ligand-unbound form and accumulates in
the nucleus upon binding ligand, while other nuclear recep-
tors such as the estrogen receptor are constitutively local-
ized to the nucleus (DeFranco, 1998 and references therein).
Investigation of the subcellular localization pattern of NRs
could allow us to determine the conditions under which
these proteins become activated. As described above, we
find that NHR-82, NHR-77, and NHR-81 are localized to
the nuclei of the seam cells. We further examined the
subcellular localization of NHR-22, NHR-78, and NHR-84
by appending GFP coding sequences in frame to the
C-terminus of NR coding sequences (see Materials and
Methods). We find that the nhr-22 and nhr-78 fusion gene
products are also localized constitutively to the nucleus.
However, unlike the seam cell-specific NRs, both NHR-22
s of reproduction in any form reserved.
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326 Miyabayashi et al.and NHR-78 exhibit a punctate pattern of subnuclear local-
zation. NHR-78 appears to be concentrated in one or two
oci per cell (Fig. 6A), whereas NHR-22 is observed in
ultiple punctate “speckles” (Fig. 6B). Nucleoli are ex-
luded. Previous reports on subcellular localization of the
lucocorticoid and mineralocorticoid receptors have sug-
ested that activated receptors concentrate in similar
peckles, while receptors not capable of transactivation are
omogeneously dispersed in the nucleus (van Steensel et
l., 1995; Htun et al., 1996). The nature of the speckles is
nclear. NHR-22 and NHR-78 may be constitutively acti-
vated by a ubiquitous ligand under our growth conditions or
may function in a ligand-independent manner, since we
have not observed homogeneous distribution at any stage in
development.
Interestingly, in contrast to the subcellular localization of
NHR-22 and NHR-78, we find that the GFP-tagged nhr-84
gene product is localized to the cytoplasm of neurons (Fig.
6C). Nuclear exclusion is clearly observed in all cells in
which this gene is expressed. The subcellular localization is
unaltered at all stages of development as well as in dauer
animals. Infrequently, expression is no longer excluded
from the nucleus in a few cells, although exclusive local-
ization to the nucleus has not been observed. It is possible
that like the glucocorticoid receptor, the nuclear accumu-
lation of NHR-84 is regulated in a ligand-dependent man-
ner.
DISCUSSION
Many Predicted NR Genes Are Expressed
Previous studies suggested that at least 25% of the
predicted NR genes are expressed and are likely functional
(Sluder et al., 1999). This estimate was arrived at by
including genes for which functions had been defined
genetically and genes for which expression had been dem-
FIG. 6. Subcellular localization of NRs. (A) nhr-78-GFP(TAG). Em
f GFP in one or two “speckles” per cell. (B) nhr-22-GFP(TAG). G
hr-84-GFP(TAG). GFP-tagged NHR-84 is localized to the cytoplasmonstrated either by transcript analysis or by the presence of
cDNAs. Of the 28 genes examined in this study, only 5 are
Copyright © 1999 by Academic Press. All rightepresented in the EST databases (nhr-22, nhr-28, nhr-50,
hr-57, and nhr-66). Genes that are expressed at low levels
ould not be expected to be represented by cDNAs. In
ddition, genes that we have shown to be expressed in a
patially restricted manner, such as nhr-38 or the eight NRs
xpressed in the seam cells, are also not represented by
STs. Thus, the expression study presented allows for a
ore accurate estimation of the total number of expressed
enes. Lack of expression observed for some constructs may
e due to the absence of sufficient promoter sequences or
nstability of the fusion protein. Alternatively, these genes
ould represent pseudogenes. Taken together, 21 of 28
enes are expressed. Although this is a relatively small
ample compared to the size of the family, we can generally
stimate that over 75% of the predicted NR genes are likely
o represent functional genes.
A Tissue-Specific Subfamily of NR Genes
We have identified a subfamily of NR genes that appears
to have arisen from a common ancestor by gene duplica-
tion. These genes share a considerable degree of sequence
homology in their coding and noncoding sequences and are
all expressed in the lateral hypodermal seam cells. More-
over, overexpression experiments strongly suggest that they
act to affect the differentiation of the seam cells, perhaps in
a redundant fashion. Taken together, this suggests that
these genes were duplicated in the recent past and have not
yet diverged sufficiently to acquire distinct expression
and/or functions. Gene duplication events are major
mechanisms by which genetic diversity is achieved. Dupli-
cation events lead to the presence of several paralogous
genes in the genome which are then free to acquire muta-
tions and evolve to acquire specialized functions. For ex-
ample, the large families of olfactory receptor genes prob-
ably arose through gene duplication (Robertson, 1998).
Diversification of their functions could have resulted from
mutations that allowed them to interact with different
onic expression of GFP-tagged nhr-78 is shown. Note localization
localized to multiple speckles per intestinal nucleus (arrows). (C)
eurons (arrow). Nuclear exclusion is clearly visible. Scale—10 mm.bryligands. On the other hand, developmentally important
genes often conserve functions, but evolve to acquire dis-
s of reproduction in any form reserved.
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327Expression and Function of NRs in C. eleganstinct expression patterns (Hanks et al., 1995; Holland and
Garcia-Fernandez, 1996; Sidow, 1996).
This subfamily of NR genes affects the differentiation of the
lateral seam cells. The hypodermis in C. elegans develops
argely from three cell types, including the lateral seam cells,
he dorsal hypodermal cells, and the ventral blast cells. During
orphogenesis, the hypodermis plays an important role in
ell elongation to determine the final body shape of the
nimal (Priess and Hirsh, 1986). The hypodermis is also
mportant for the proper attachment and functioning of the
ody wall muscles which are thought to play a role in the
longation process (Priess and Hirsh, 1986; Francis and Water-
ton, 1991; Hresko et al., 1994; Williams and Waterston,
994). Finally, the hypodermis is required for the synthesis
nd secretion of the cuticle of the animal. The cuticle is
omposed of collagenous components expressed in stage-
pecific patterns from over 150 collagen-encoding genes
Kramer, 1997). The expression of collagen genes is tightly
ontrolled during development to ensure that the appropriate
et of collagenous genes are expressed (Cox et al., 1984; Liu et
l., 1995; Johnstone and Barry, 1996; Kramer, 1997). The
orsal and ventral hypodermal cells and the lateral hypoder-
al cells are thought to have distinct functions during cell
longation and in cuticle synthesis and express different sets
f genes (Singh and Sulston, 1978; Priess and Hirsh, 1986; Liu
t al., 1995; Gilleard et al., 1997; Wissmann et al., 1997).
Several genes have been identified that affect the devel-
pment or function of hypodermal cells. As expected,
utations in or interference with functions of these genes
esults in defects in body morphogenesis, cell elongation,
nd cuticular structure and function. Phenotypes of such
utants include arrested embryos due to cell elongation
efects, larvae with Lpy-Dpy phenotypes, and adults with
uticular defects resulting in Dpy and/or Rol (Roller) phe-
otypes (Chen et al., 1994; Kramer, 1997; Wissmann et al.,
997; Fay et al., 1999). Overexpression of the seam cell-
pecific NR genes results in similar elongation and cuticu-
ar defects. It is possible that the NR genes play a role in the
egulation of expression of stage-specific genes required for
he functions of the seam cells, perhaps in response to
tage-specific endocrine signals (see below). Possible direct
r indirect targets could therefore be genes such as the
ollagen genes expressed in the seam cells. Heterochronic
enes such as lin-29 have been shown to directly regulate
he expression of collagen genes such as the adult-specific
ol-19 gene in seam cells (Liu et al., 1995; Rougvie and
mbros, 1995). NR genes may function in such pathways
y regulating the expression or function of genes such as
in-29 in the seam cells in response to a hormonal signal.
Overexpression of nhr-77, nhr-81, and nhr-82 leads to simi-
ar phenotypes, suggesting that these genes function in the
ame pathway. However, overexpression of nhr-22 has no
henotypic consequences, suggesting that nhr-22 functions in
n alternative pathway(s). In the Drosophila ecdysone re-
ponse, several nuclear receptors work in a cascade to regulate
etamorphosis (Thummel, 1995, 1997). It is possible that the
eam cell-specific NRs could function redundantly in a simi-
F
s
Copyright © 1999 by Academic Press. All rightar pathway, such that overexpression of one or more NRs
ould cause misregulation of a set of target genes. For in-
tance, overexpression could lead to inappropriate activation
r repression of genes during the elongation process. Many NR
enes function as heterodimers. It is also possible that at a
iven stage in development, a set of target genes is activated or
epressed by NR heterodimers in a redundant fashion. Over-
xpression of one of these NR genes could lead to the forma-
ion of homodimers with altered gene regulation properties. It
s worthwhile to note that although only four of the seam
ell-specific NRs have the same P box sequence and could
herefore bind to the same regulatory DNA sequences, het-
rodimerization among the NRs could alter their DNA bind-
ng properties (Kurokawa et al., 1994; Nelson et al., 1996). NR
roteins have also been shown to act together with coactiva-
or proteins such as p300/CBP and SRC-1 to regulate target
ene expression (Onate et al., 1995; Chakravarti et al., 1996;
amei et al., 1996; Shibata et al., 1997b). Overexpression of
ne of the NR genes could lead to the sequestering of one or
ore limited coactivator proteins, thereby blocking activity of
elated NR proteins. This type of squelching effect has been
bserved previously from overexpression of transcriptional
ctivators (Gill and Ptashne, 1988; Pfitzner et al., 1993;
hibata et al., 1997a; Shen et al., 1998; Yao et al., 1998). It is
ossible that the large number of redundant NR genes in the
eam cells promotes fidelity and fine tuning of response to the
ppropriate stage-specific cues for correct development and
orphogenesis (see below).
NRs Are Expressed in a Variety of Tissue Types in
C. elegans
We have shown that several NR genes are expressed in a
wide variety of neuronal and nonneuronal cells in C. elegans,
suggesting that they may have diverse biological functions.
Although the expression patterns as determined by the anal-
yses of GFP fusion genes may not necessarily reflect the
complete endogenous expression patterns, this is an impor-
tant first step toward determining spatial expression. It is
likely that a subset of these genes is required for the develop-
ment of various cell types. NR genes have been shown to be
required for the correct specification and differentiation of
many cell types in vertebrates, flies, and worms (Mlodzik et
al., 1990; Pignoni et al., 1990; Sengupta et al., 1994; Loftus and
ane, 1997; Monaghan et al., 1997; Zetterstrom et al., 1997;
ajas et al., 1998; Parker, 1998). Other NR genes may be
equired for the function of specific cell types such as the seam
ell-specific NR genes discussed above. Functional complex-
ty could be greatly increased by heterodimerization among
amily members as has been extensively documented for other
Rs (reviewed in Cheskis and Freedman, 1997; Thummel,
997). Since nhr-66, nhr-22, nhr-50, and nhr-84 are all ex-
ressed in overlapping subsets of neurons, it is possible that
hese genes act combinatorially in different cell types to
egulate different aspects of development and differentiation.
or example, interaction with the retinoid X receptor has been
hown to alter the ligand responsiveness and DNA binding
s of reproduction in any form reserved.
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328 Miyabayashi et al.specificity of nuclear receptors such as the retinoic acid
receptor and the vitamin D receptor (Kurokawa et al., 1994;
Cheskis et al., 1995; Forman et al., 1995b; Lemon and Freed-
an, 1996).
An important consideration in the discussion of possible
unctions of these NRs is whether these proteins are regulated
y ligands or whether they act in a ligand-independent man-
er similar to other transcription factors. The low degree of
equence conservation in the ligand binding domains (LBDs)
f NRs, as opposed to the well-conserved DBD, makes this
ifficult to address by direct sequence comparison. Prelimi-
ary analysis of the LBDs of the nematode NRs indicates that
hile some motifs are conserved in a few members of this
amily, most worm NRs contain divergent LBDs (Clarke and
erg, 1998). Based on phylogenetic analysis, Laudet has sug-
ested that the ligand binding ability of specific NRs has been
cquired independently (Laudet, 1997). The divergence in the
BD could reflect the evolution of a subset of the worm NRs
o be able to respond to multiple stimuli specific for the
ematode lifestyle. It has previously been shown that worms
ontain over 500 putative chemosensory receptors, underscor-
ng the importance of surveying the chemical environment
Troemel et al., 1995; Robertson, 1998). A subset of the large
amily of NRs may add to this complexity by acting as sensors
or specific metabolites and nutrients present in the environ-
ent or generated metabolically. Fatty acids and metabolites
uch as farnesol and benzoate esters have been shown to act as
igands for NRs (Forman et al., 1995a, 1997a,b; Blumberg and
vans, 1998; Blumberg et al., 1998; Kliewer et al., 1999).
NRs may also play an important role in coordinating
ystemic responses to environmental and developmental sig-
als. In order for an organism to proceed to the next develop-
ental stage as dictated by environmental and metabolic
ignals, stage-specific events must be coordinated in multiple
issue types throughout the animal. Endocrine hormones or
ther small signaling molecules such as metabolites could act
o coordinate these global transitions. As mentioned previ-
usly, the ecdysone hormone in insects promotes such stage
ransitions by acting through a cascade of nuclear receptors
Thummel, 1995, 1997). In worms, daf-12, a member of the
R family, acts to coordinate stage-specific programs in the
hird larval stage of development (Antebi et al., 1998). It is
ikely that other NRs act similarly at different larval stages to
ffect organism-wide developmental programs. Coordinate
roduction of multiple hormones or metabolites at each stage
ould act through different NRs in different tissues. Muta-
ions in these NRs would be expected to result in hetero-
hronic phenotypes in specific tissue types. For example, the
R gene unc-55 is thought to act in the VD motorneurons to
espond to a putative endocrine signal at the L1/L2 molt
Zhou and Walthall, 1998). Activation of unc-55 by a putative
tage-specific ligand prevents the VD motor neurons from
dopting a synaptic pattern similar to that of the DD motor-
eurons. In the absence of unc-55 function, animals exhibit
ocomotion defects due to defects in the connectivities of the
D motorneurons (Walthall, 1990). Thus, NRs may act both
s specific sensors for external and internal stimuli and as
Copyright © 1999 by Academic Press. All rightffectors for their actions in particular cell types. A major
irection for the future will be the investigation of the func-
ions of members of this enormous class of NR genes and
dentification of their targets and ligands.
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